BACKGROUND: Although prior studies have examined BMI trajectories in Western populations, little is known regarding how BMI trajectories in Asian populations vary between adults with and without diabetes. OBJECTIVE: To examine how BMI trajectories vary between those developing and not developing diabetes over 18 years in an Asian cohort. DESIGN: Multilevel modeling was used to depict levels and rates of change in BMI for up to 18 years for participants with and without self-reported physiciandiagnosed diabetes. PARTICIPANTS: We used 14,490 data points available from repeated measurements of 3776 participants aged 50+ at baseline without diabetes from a nationally representative survey of the Taiwan Longitudinal Study on Aging (TLSA1989-2007). MAIN MEASURES: We defined development of diabetes as participants who first reported diabetes diagnoses in 2007 but had no diabetes diagnoses at baseline. We defined the reference group as those participants who reported the absence of diabetes at baseline and during the entire follow-up period. KEY RESULTS: When adjusted for time-varying comorbidities and behavioral factors, higher level and constant increases in BMI were present more than 6.5 years before self-reported diabetes diagnosis. The higher BMI level associating with the development of diabetes was especially evident in females. Within 6.5 years prior to self-reported diagnosis, however, a wider range of decreases in BMI occurred (β diabetes = 1.294, P = 0.0064; β diabetes*time = 0.150, P = 0.0327; β diabetes*time 2 = −0.008, P = 0.0065). The faster rate of increases in BMI followed by a greater decline was especially prominent in males and individuals with BMI ≧24. CONCLUSIONS: An unintentional decrease in BMI in sharp contrast to the gradually rising BMI preceding that time may be an alarm for undiagnosed diabetes or a precursor to developing diabetes.
INTRODUCTION
The prevalence of diabetes is increasing worldwide. 1 Studies suggest that early detection and prompt treatment may be able to prevent or delay troubling complications and the related economic costs. 2 Current screening procedures for diabetes include fasting plasma glucose, the 2-h plasma glucose after 75-g oral glucose tolerance test, and hemoglobin A1c test 3 . However, people who do not habitually engage in regular medical checkups are unlikely to have these screenings. As a result, a large number of diabetes diagnoses are delayed, 4 particularly in later adulthood. 5 For this reason, helping adults living in the community to notice the early signs of diabetes and detect diabetes in its early stages has significant public health implications.
Recent studies analyzing trends in body weight before diagnoses of diabetes shed light on the possibility that weight changes may be an important variable for detecting the development of diabetes. [6] [7] [8] These studies found there was a sudden drop in body weight 1 year prior to and after diabetes diagnosis, which was in sharp contrast to the gradually rising body weight preceding that time. However, existing studies only used regional data from participants who developed diabetes, and thus it was not possible to compare weight change patterns over time in a similar age group of adults who did not develop diabetes. Moreover, studies based on Western populations may not accurately represent patterns of body weight changes prior to diabetes diagnosis in Asians-a population in which BMI predicts outcomes differently [9] [10] [11] and in which at similar BMI levels the prevalence of diabetes has been shown to be higher compared to Caucasians. 12, 13 This study examined long-term trajectories in BMI for individuals who did and did not develop diabetes in a retrospective cohort study, with participants aged 50+ from the Electronic supplementary material The online version of this article (doi:10.1007/s11606-016-3750-y) contains supplementary material, which is available to authorized users.
Taiwan Longitudinal Study on Aging. The objectives were: (1) to examine the change trajectories in BMI prior to selfreported diabetes diagnosis, including the timing and quantity, and (2) to see if these change trajectories differed from those seen among the group who did not develop diabetes. We also examined whether these patterns differed by sex and initial BMI.
MATERIALS AND METHODS

Participants
Data were drawn from a subset of three cohorts from the Taiwan Longitudinal Study on Aging (TLSA). We conducted a retrospective cohort study to determine whether BMI trajectories differed between those with and without diabetes in 2007. Full details regarding the recruitment procedures and characteristics of TLSA participants have been described previously.
14 Briefly, the TLSA is a nationally representative longitudinal study of middle-aged and older adults living in Taiwan. Six waves of interviews were conducted in 1989, 1993, 1996, 1999, 2003, and 2007 . The present study combined all three cohorts: TLSA1989-2007, TLSA1996-2007, and TLSA2003-2007 (see online Appendix A, Table I ). To ensure the validity of time of BMI, we excluded those who reported having diabetes in 2007 but were missing a diabetic status in 2003 (n = 19). In addition, the BMIs at the highest upper or lower 1 % of the participants (i.e., BMI ≥60 or ≤10 kg/m 2 ) were considered as outliers and thus excluded from further analysis (n = 64). Participants without diabetes diagnoses at baseline (1989, 1996, or 2003) and who first reported diabetes diagnoses in 2007 were analyzed as individuals with the diagnoses of developing diabetes (n = 200, a total of 760 personexaminations); those who reported the absence of diabetes at baseline and during the entire follow-up period became the reference group (n = 3576, a total of 13,730 person-examinations).
Measures
Diabetes was our main explanatory variable; it was measured by the question "Have you been told by a physician that you have diabetes?" as asked in every interview wave. The primary response variable was BMI (kg/m 2 ), which is a continuous measure calculated using self-reported height (meters) and weight (kilograms) at every examination. We chose BMI instead of weight because it is the measurement of body weight with various corrections for height. We performed a right adjustment on the point in time when diabetes diagnosis was self-reported. Specifically, time was coded to reflect the number of years before diabetes diagnosis in those who developed diabetes. For example, in participants without diabetes from 1989 until 2007, BMI in 2007 was coded as BMI time = 0 , BMI in 2003 was coded as BMI time = −4 , and so on. BMI can thus be traced up to 18 years before diabetes (BMI time = −18 in 1989). The reference group was right adjusted using the same methods, and BMI in 2007 was coded as BMI time = 0 . This way the BMI trajectories before diabetes could be compared to approximately the same age reference group. A detailed description of the time axis for the developing diabetes group and diabetes free group, as well as the age comparability of the two groups, can be found in Table II in the online Appendix.
Covariates include sex, education, time-varying comorbidities, and lifestyle factors. Education was an ordered variable, defined as the number of years of education and drawn from the baseline survey. Comorbidities, including hypertension, heart disease, and stroke, indicated whether the participant reported that they had a physician diagnosis of the disease. Exercise was constructed from the reported frequency, including "often" (≥90 min/week), "sometimes" (1-89 min/week), or "scarcely" (0 min/week). Alcohol consumption and smoking were categorized as current users versus nonusers by the participants' responses to the questions: "Do you drink in your daily life?" and "Do you smoke currently?" Because the diet control questionnaires were not included in every wave, we only used the items in the first interviews to represent the participants' diet control status for all waves. We placed participants who responded as having regulated their diets for health-related reasons into a "diet control" category.
Data Analyses
We used SAS 9.3 to perform all of the analyses. Bivariate analyses investigated the baseline characteristics of participants with and without developing diabetes, with chi-square tests for categorical variables and t-tests for continuous variables. Multilevel modeling (MLM) 15 was used to depict the levels and rates of change in BMI up to 18 years before for the participants with a self-reported physician diagnosis of diabetes and for those without this diagnosis.
We determined the shape of BMI trajectories by comparing the model fits of the intercept only, linear, quadratic, and cubic growth curve models. By examining the changes in deviance scores (-2LL) from one model to another, we determined the model with the best fit. To examine potential moderating effects, we conducted sub-analyses by sex and baseline BMI. Based on the overweight criteria used in Taiwan, 16 BMI ≥ 24 was defined as "overweight" and BMI < 24 was defined as "not overweight."
RESULTS
Data on BMI changes from 3776 older adults who were followed for up to 18 years (14,490 person-years) were obtained in this study. The age range for the 3776 participants was 50-87 years (mean = 58.41 years, SD = 6.01) at baseline. Nearly half (48.94 %) of the participants were female. The mean BMI at baseline was 23.7 (SD = 3.31). As Table 1 shows, we found no significant differences between those who developed diabetes (n = 200) and those who did not (n = 3576) in terms of age, sex, education, alcohol consumption, smoking, exercise, and heart disease at baseline. However, participants who developed diabetes were more likely to have hypertension (34.00 % vs. 17.11 %, P < 0.001) and stroke (2.50 % vs. 1.03 %, P = 0.0545), a higher initial BMI (25.63 vs. 23.68, P < 0.001), and lower frequency of diet control (47.50 % vs. 55.73 %, P = 0.0228). All the variables on which we found differences, and those that may theoretically affect BMI, including age, sex, heart disease, and behavioral variables, were included as covariates in our subsequent MLM analyses.
The best shape of the BMI change trajectory before diabetes diagnosis was determined by comparing a series of nested models with the deviance test results. The results of the deviance test showed a substantial decrease in the deviance score (-2log-likelihood, −2LL) when moving from the unconditional model to the linear model (X 2 (3) = 432.3, P < 0.001). We found a similar result when moving from the linear model to the quadratic model (X 2 (4) = 33.4, P < 0.001). However, the cubic model did not converge in these samples, implying the quadratic model was the best fit for describing the BMI trajectory before physician-diagnosed diabetes. Table 2 presents the MLM results of the BMI trajectory for adults who did or did not develop diabetes over the 18-year period. The results of the adjusted model were consistent with the raw model and showed that adults who did not develop diabetes had a rising but gradually slowing increase in BMI after age 50 (β time = 0.08, P < 0.001; β time 2 = −0.002, P = 0.0016). For adults who developed diabetes, the initial BMI (i.e., 18 years before diabetes) was significantly higher than that of the reference group (β diabetes = 1.294, P = 0.0064), and their BMI increased more rapidly (β diabetes*time = 0.150, P = 0.0327; β diabetes*time 2 = −0.008, P = 0.0065) until approximately 6.5 years preceding the self-reported diabetes diagnosis (see note 1 under section B in the online Appendix for the calculation).
The results from the sub-analysis by sex show that the significantly higher initial BMI in adults developing diabetes was especially evident in female adults (β diabetes = 1.894, P = 0.020 in female; β diabetes = 0.780, P = 0.176 in males). Females who developed diabetes had a 1.894 kg/m 2 higher initial BMI than the reference group. Further, male adults who developed diabetes had a significantly greater increase in BMI followed by a greater decline (β diabetes*time = 0.163, P = 0.0561; β diabetes*time 2 = −0.008, P = 0.0339) approximately 5.65 years before physician-diagnosed diabetes than females who developed diabetes (note 2 under section B in the online Appendix).
The results of the analysis that split the participants by their initial BMI into overweight (BMI > = 24 kg/m 2 ) and nonoverweight groups (BMI < 24 kg/m 2 ) indicated that within each group, those adults who developed diabetes did not have a significantly higher baseline BMI compared to their counterparts within the same weight category who did not develop diabetes. In addition, the faster rate of BMI increase followed by an earlier decrease in BMI before diabetes was only present in overweight adults: In the overweight group that developed diabetes, the BMI trajectory had a clear upward trend that changed direction approximately 8.5 years preceding selfreported diabetes diagnosis (note 3 under section B in the online Appendix).
In adults with an initial BMI <24, their BMI trajectory pattern did not significantly differ by diabetes status (β diabetes*time = 0.104, P = 0.1642, β diabetes*time 2 = −0.005, P = 0.127)-their BMI increased (β time = 0.063, P < 0.001; β time 2 = −0.0004, P = 0.4981) during the 18-year follow-up in both the developing diabetes group and the reference group. Figure 1a illustrates the 18-year BMI trajectories before selfreported diabetes diagnosis and compares these with those of individuals who did not develop diabetes, while Fig. 1b and c shows the trajectories by sex and baseline BMI, respectively.
Finally, based on the random effects, in the "female" and "overweight" groups the intercept and slope had a negative correlation (covariance I,S = −0.379, P = 0.0018, in the female group; covariance I,S = −0.234, P = 0.0086, in the overweight group), indicating that a lower initial BMI may be associated with a more rapid increase in BMI from midlife to older adulthood in women or those who are overweight at baseline.
DISCUSSION
There is limited population-based evidence concerning the variations in weight prior to developing diabetes or at the time of diabetes diagnosis. By examining the BMI records of a nationally representative sample of adults aged 50 and above at baseline in Taiwan followed for 18 years, and by comparing those who did and did not develop diabetes during the followups, this study reveals possible patterns that could be used for early detection of diabetes. Independent of aging, timevarying behavioral and morbidity variables, a higher BMI, and a faster rate of weight gain were present more than 6.5 years before self-reported diabetes diagnosis. Within 6.5 years prior to self-reported diagnosis, however, a greater amount of weight loss occurred.
Long-term increases in body weight tend to lead to an increased risk of diabetes. 6, [17] [18] [19] [20] [21] [22] [23] [24] [25] However, not all research concludes that diabetes and a fall in body weight are closely related. Some studies find that weight loss can lead to a reduction in diabetes risk, 20, 21, 24 while others find no connection. 19, 26 One possibile explanation for this inconsistency in the literature stems from the problem of measurement timing. Our study employed multilevel modeling to estimate annual changes in BMI. We plotted a long-term BMI growth curve that describes the relationship between BMI and the development of diabetes at different time points. For example, based on our estimated coefficients in Table 2 or the note beneath Fig. 1a , an individual with a height of 1.7 m at the mean age of 58.4 years old and without diabetes will gain 2.29 kg in 18 years (i.e., about 0.13 kg per year). In contrast, adults who are developing diabetes will gain a total of 3.82 kg during the 18-to 6.5-year period before diagnosis of diabetes (i.e., 0.33 kg per year) and then lose a total of 1.25 kg within 6.5 years preceding diabetes diagnosis (i.e., about 0.19 kg per year). Details of the calculations can be found in the online Appendix.
Looker and colleagues examined the BMI and weight of adult Pima Indians aged 15 and older living in the Gila River Community in Central Arizona. 6 They reported that prior to receiving a diagnosis of diabetes (based on the 75-g oral glucose tolerance test), patients exhibited an average increase in BMI of 0.43-0.71 kg/m 2 annually and then lost weight after diagnosis. 6 Although this study described patients' BMI changes up to 25 years before and after the diagnosis of diabetes, it did not compare the changes in BMI patterns with those from participants who did not develop diabetes, nor did it assess whether the weight gain patterns differed by weight groups or sex. In our study, individuals who developed diabetes showed increases in BMI of 0.115 kg/m 2 per year (linear rate of change is 0.23 kg/m 2 ; curvature is −0.01 kg/m 2 ) before 6.5 years prior to self-reported physician diagnosis. This finding was even more pronounced in male participants, with a BMI increase of 0.123 kg/m 2 per year (the linear rate of change is 0.247 kg/m 2 ; curvature is −0.01 kg/m 2 ) before 5.65 years prior to self-reported physician diagnosis. Our numbers are much lower than those in Looker et al.'s research on adult Pima Indians. One possible explanation for this discrepancy is that Looker's participants were younger than our middle-aged and older subjects, while another possibility is race/ethnicity. To standardize the rate of change, we divided the rate of increase by baseline BMI and found there was a 1.2-2.1 % annual BMI increase (BMI increase per year/initial BMI = 0.43 ∼ 0.71/34.6 = 1.2 ∼ 2.1 %) in Looker's study compared to a 0.5 % BMI increase in our work (BMI increase per year/initial BMI = 0.115/23.7 = 0.5 %).
Previous research suggests older adults tend to experience weight loss over time. 27, 28 Interestingly, our analyses reveal that those who developed diabetes exhibited weight loss at an earlier age, and the weight loss was at a more rapid rate: participants who developed diabetes lost a total of 0.423 kg/m 2 within the 6.5 years before their self-reported diagnosis. This finding supports and extends the results from Olivarius and colleagues. 7, 8 They recorded body weights prior to the diagnosis of diabetes and found there was a sudden drop in body weight 1 year prior to this diagnosis. We posit two explanations for the wider range in time with regard to the years when weight loss started to be observed before diabetes development. First, this may be linked to undiagnosed diabetes in these participants, as previous research identified that there is usually a delay in diabetes diagnosis of 4-7 years. 4 Second, a reduction in BMI may be the result of other physiological changes during the pre-diabetes stage, 2 9 such as the beta-cell dysfunction and insulin resistance that prevent blood glucose utilization by cells and promote gluconeogenesis through muscle proteolysis. 30 The differences in BMI and development of diabetes in Asian populations have received a significant growth in interest recently. A number of studies have thus discussed the BMI cutoff points needed to identify at-risk Asian-Americans for type 2 diabetes screening and pointed out the urgent need to increase early detection. 13, 31 Although these studies suggested BMI ≧23 as the most sensitive cutoff point for identifying Asian-Americans at elevated risk of diabetes, they also noted the tremendous heterogeneity among the various AsianAmerican subgroups and the complexity of applying an optimal BMI cutoff point of detecting diabetes development. By analyzing a nationally representative sample of older Taiwanese adults with and without development of diabetes over up to 18 years, our study adds value to this line of research. We found that the predictive values of being overweight, obese, or having an increased rate of weight gain associated with the development of type 2 diabetes may not be the same across individuals with different body size or sex. The overweight pattern associated with diabetes diagnosis is especially evident in females (females had an average of 1.894 kg/m 2 higher BMI than their female counterparts not developing diabetes); the faster rate of weight gain associated with diabetes diagnosis was especially prominent in males and individuals with baseline BMI ≧24. In addition, among those whose BMI ≥24 kg/m 2 , their upward BMI trend that changed directions 8.5 years preceding self-reported diabetes diagnosis was longer than for the entire sample, which was 6.5 years. This suggests that underdiagnosed diabetes may be more prevalent in adults who are overweight or obese. Furthermore, we found that among those participants whose BMI <24 kg/m 2 at baseline, neither the higher level nor the greater increases in BMI were associated with the development of diabetes, thus providing support for studies that indicate there are complex mechanisms at work in individuals who are normal weight or underweight but then develop diabetes. 32, 33 Whether weight fluctuations or other mechanisms are associated with the development of diabetes in adults who are underweight or normal weight is an issue that needs more research attention.
A major strength of the present study is its 18-year followup period based on a nationally representative sample of adults aged 50+ who did and did not develop diabetes. This allows us to investigate longitudinal changes in BMI in a heterogeneous group of older adults based on the same participants and provides information that can help raise awareness of the importance of early detection of diabetes for adults living in the community. In addition, unlike studies 6,7,34 that did not have age-appropriate controls to enable the detection of BMI differences between those who did and did not develop diabetes at the same age, the present study matched the diabetes group with a comparable group of the same age to contrast the BMI trajectories over time. Furthermore, by controlling for BMI-related covariates over time, such as lifestyle and comorbidities, the present study was able to ascertain the impact of diabetes on the changes in BMI more precisely. Finally, this study was based on Taiwanese participants and thus adds value to the epidemiologic literature with regard to better understanding the BMI change history before self-reported diabetes diagnosis in an older Asian population aged 50 and above.
Some limitations exist for the current work and should be considered in the interpretation of its findings. One issue is related to the self-reported data on diabetes and the interview intervals of 3 to 4 years, with a right adjustment on the point in time when diabetes was self-reported. Although assessment of self-reported accuracy in this database indicates a high level of consistency with regard to the self-reported diabetes status and related biomarkers, 35 patients who are not on a medication for diabetes may not recall that they have been told that they have diabetes. Thus, the weight loss in the 6.5 years before selfreported diabetes diagnosis may include the stage of underdiagnosed diabetes or adults who start behavioral interventions after being diagnosed with diabetes. The adjustment of time-varying behavioral covariates can alleviate the bias related to this to some extent, but there may still be some overestimation with regard to the years when weight loss started to be observed before diabetes development. Similarly, although BMI calculated from self-reported height and weight is highly correlated with measured height and weight, 36 it has been shown that subjects tend to overestimate the former and underestimate the latter. 36 The level of BMI in this study may thus be underestimated, and future studies using other measures of adiposity will help shed light on this line of research.
In conclusion, and with the aforementioned caveats, the present study supports the possibility of including changes in BMI as an indicator for future diabetes screening. Having easy-to-understand pre-diabetes indicators that patients can monitor easily, such as sudden weight loss, can empower patients and lead to improved communication between patients and physicians. Because our analyses controlled for time-varying behavioral and morbidity covariates, it highlights that a constant increase in BMI, with an average of about 0.5 % increase per year, followed by an unintentional weight loss, may be an alarm for underdiagnosed diabetes or a precursor to developing diabetes. In addition, in the population examined in this study, those individuals who did not develop diabetes had an average BMI of around 23 kg/m 2 . Those individuals who developed diabetes during the follow-up period had an average BMI of about 24 kg/m 2 for males and 25 kg/m 2 for females; for those individuals who were not overweight at baseline, neither the higher level nor the greater increase in BMI were associated with the development of diabetes. These findings support the view that a lower BMI cutoff point is appropriate for identifying Asians who should be screened for undiagnosed type 2 diabetes 13, 31 and that a BMI between 24 and 25 kg/m² may be the most appropriate point for identifying at-risk Taiwanese adults for type 2 diabetes screening.
